We find that the cloned DNAs of human U1 small nuclear RNA genes contain two nuclease Sl-sensitive sites, one about 1.8 kilobases downstream of the U1 RNA coding region and the other around 0.3 kilobase upstream. The downstream site is unusually sensitive to the nuclease, being cleaved in both linear and negatively supercoiled DNAs. The extent of cleavage at this site is enhanced at lower pH and reduced concentrations of NaCl; the effects of salt are more apparent on linear than supercoiled DNAs. The nuclease S1 sensitivity of this downstream site is dependent on the presence of the sequence (dC-dT).-(dA-dG)., where n = 15-25. (One gene
with n = 5 is resistant to nuclease S1 cleavage in this region.) In contrast, the nuclease Si site upstream of the coding region is cleaved only when the DNA is supercoiled. This site also has a-homopyrimidine-homopurine bias in the DNA strands, but the sequence is less regular. In the course of these studies, we detected several discrepancies between our restriction maps of some U1 RNA genes and those published by others. Our maps demonstrate that all seven cloned human Ul RNA genes are very similar in sequence for as much as 2.3 kilobases downstream of the Ul RNA coding region.
Nuclease S1 is a useful probe for studying the structures of isolated DNA and DNA in chromatin (1, 2) . In spite of its specificity for single-stranded nucleic acids (3), nuclease S1 does cleave some apparently duplex DNAs that are under negative superhelical tension. Specific cleavages can occur at closely spaced inverted repeats (4, 5) , direct repeats (6) (7) (8) , at the ends of alternating pyrimidine-purine stretches that result in Z-DNA (9), polypyrimidine-polypurine stretches (6) (7) (8) (10) (11) (12) (13) , or A-T-rich regions (13) . Such sequences presumably contain single-stranded regions (4) (5) (6) (7) (8) (9) (10) or they can adapt altered DNA conformations (9) (10) (11) (12) . Some of the sites found in purified DNA also can be detected in chromatin, usually in transcriptionally active regions; the actual biochemical functions of the sites remain unknown.
The genes for human U1 RNA are members of a multigene family (14) (15) (16) , numbering about 30 copies per haploid genome (14) . The members of this multigene family are highly conserved in sequence for several kilobases (kb).
We have used nuclease S1 to probe the structure of human U1 RNA genes both as cloned DNAs and in chromatin. We report here our results on the purified DNAs showing that human U1 RNA genes have associated with them two nuclease S1-sensitive sites: one site is 1.8 kb downstream and the other is 0.3 kb upstream of the U1 RNA coding region. These sites resemble each other in that both consist of a pyrimidine-rich strand opposite a purine-rich one. However, the downstream site, which is composed of a repeating dinucleotide sequence, is exceptionally sensitive to nuclease S1.
In contrast to most nuclease S1-sensitive sites, this site is cleaved even in the absence of negative superhelical tension. We suggest that the upstream site could reflect a general property associated with eukaryotic RNA polymerase II promoters (11, 12) , whereas the downstream site might be a common feature of multigene families, possibly associated with gene homogenization.
MATERIALS AND METHODS
Plasmids. Plasmid pHU1-1H and its derivative pHU1-lHB have been described by Lund and Dahlberg (14) . HUI-J refers to the human U1 RNA gene originally isolated from XHt-6 (17) . The plasmids pHSD-1, pHSD-2, pHSD-3, pHSD-4, pHSD-5, and pHSD-6, which contain other independent isolates of human U1 RNA genes (15, 16) , were kindly provided by R. Gesteland. Plasmids were propagated in recAstrains, either Escherichia coli HB101 or C600. Plasmid DNAs were prepared by the Triton X-100 lysis procedure, essentially as described by Bolivar and Backman (18) .
Nuclease S1 Treatment. Nuclease S1 was purchased from P-L Biochemicals. Except where indicated, nuclease S1 digestions were performed in 100to 200-.ul reactions containing 50 mM NaCl, 1 mM ZnCl2, 30 mM NaOAc (pH 4.53), and 50 jig of DNA and 25 units of nuclease S1 per ml (4) at 370C for 60 min. After the addition of EDTA to 5-10 mM, the DNA was extracted with phenol and precipitated.
Restriction Enzyme Digestion. Restriction enzymes from Bethesda Research Laboratories, New England Biolabs, and Promega Biotec were used as directed.
Analysis of DNA Fragments. Bidirectional nitrocellulose blots of DNA fragments were as described by Smith and Summers (19) . 32P-labeled single-stranded DNA probes were synthesized off M13mp7-HU1-Bg phage DNA containing the 0.4-kb Bgl II fragment of pHU1-1H (14) . Hybridization was at 50'C for 24-48 hr in 50% formamide containing 5 x NaCl/Cit (1 x NaCI/Cit is 0.15 M NaCl/0.015 M Na citrate, pH 7.0), 0.1% sodium dodecyl sulfate, 1 mM EDTA, 20 mM Tris-HCl (pH 7.0), 5 x Denhardt's solution (lx Denhardt's solution is 0.02% bovine serum albumin/0.02% polyvinylpyrrolidone/0.02% Ficoll).
Preparation of End-Labeled DNA Fragments. DNA fragments were labeled at their 5' ends by using [y-32P]ATP and T4 polynucleotide kinase after dephosphorylation with alkaline phosphatase (20) . The "Gamma-prep" kit used for synthesis of [y-32P]ATP and the polynucleotide kinase were from Promega Biotec. 5'-End-labeled DNA fragments were separated on 8 M urea/8% (19:1) ultra-thin polyacrylamide gels to analyze nuclease S1 cleavage products or on 6% (60:1) polyacrylamide gels to purify fragments for DNA sequence determination.
DNA Sequence Determinations. The procedure of Maxam and Gilbert (21) was used.
Abbreviations: kb, kilobase(s); SNS1 site, strong nuclease S1 cleavage site.
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RESULTS
Identification and Mapping of a Strong Nuclease S1 Site in the Cloned Human U1 RNA Gene, HUI-L. We probed the physical structure of the cloned human U1 RNA genes using the single-strand-specific nuclease S1. The 10.4-kb HindIII fragment of the U1 RNA gene HUI-] (14) contained a site that is highly sensitive to cleavage by this nuclease (Fig. 1 ). Practically all the DNA molecules were converted to linear forms when supercoiled pHU1-1H plasmid DNA was treated with nuclease S1 (Fig. 1A, lanes 2 and 3) . As discussed below, >80% of the DNA molecules were cut at a specific site, which we call the "strong nuclease S1 cleavage site" or SNS1 site.
The SNS1 site in pHU1-1H DNA was mapped with several restriction enzymes ( Fig. 1 A and The SNS1 Site Is a Common Feature of Human U1 RNA Genes. We also analyzed six other clones containing human U1 RNA genes, pHSD-1 to pHSD-6 isolated by Manser and Gesteland (15, 16) . We found that four of the six, pHSD-3 to pHSD-6, contained an SNS1 site (see Fig. 3A ).
In the course of mapping these sites in the pHSD DNAs, we had to revise several of the published restriction maps of these clones [compare Fig. 2 of this work with figure 1 of Manser and Gesteland (16)]. For example, our data indicated that the U1 RNA coding region of pHSD-3 had been misplaced. In addition, we noted apparent errors in the reported positions of several BamHI and Sac I (Sst I) sites downstream of the coding region. Our mapping results ( Fig. 2 ) extend the region of sequence similarity between U1 RNA true genes to at least 2.3 kb in the downstream direction. In the pHSD collection of human U1 RNA genes, the SNS1 sites were also located 1.8 kb downstream from the U1 RNA coding region ( Fig. 2) .
Two of the cloned U1 RNA genes (pHSD-1 and pHSD-2) lacked the SNS1 site. In one case (pHSD-2), the cloned fragment of genomic DNA extended only 0.9 kb downstream of the U1 RNA coding region (see Fig. 2 ), so it would not be expected to have the site. In the other clone, pHSD-1, the 0.4-kb Bgl II fragment, which contains the SNS1 site in other clones, was 25-30 base pairs shorter than that of pHU1-1H (compare lanes 1 and 3 of Fig. 3A ).
The 0.4-kb Bgl II fragments of the cloned DNAs differed slightly in length (compare lanes 1, 3, 7, 9, 11, and 13 of Fig.  3A ). This length heterogeneity was also present in genomic DNA, with the predominant size class being that represented by pHSD-4 DNA (Fig. 3B ).
Nuclease S1 Cleavage at the Secondary S1 Site Is Prominent in the Absence of the SNS1 Site. In the two clones that lacked the SNS1 site, specific cleavage at another site was observed ( with nuclease S1 alone (lane 3), HindIII alone (lane 4), or nuclease S1 followed by HindIII (lane 5). Arrows denote DNA fragments present only in the double digest, derived from the human DNA insert (straight line). Lane 1 contains HindIII-digested X phage DNA as markers. The predominant band in lane 3 corresponds to linear pHU1-1H DNA. (B) Higher resolution mapping of the SNS1 site. pHU1-1H DNA was digested with Pvu II alone (lane 1), nuclease S1 followed by Pvu II (lane 2), Ava I alone (lane 3), or nuclease S1 followed by Ava I (lane 4). DNA fragments (in kb) whose yields increased (arrows) or decreased (lines) by prior nuclease S1 treatment are indicated. (C) Location of the SNS1 site in pHU1-1H DNA. Lines above the map denote the 2.4-kb Pvu II and 3.2-kb Ava I fragments cleaved by nuclease S1 (Fig. 1B) . The vertical arrows indicate boxes showing the location of the SNS1 site (cf. Fig. 6 ). The DNA region sequenced (cf. Fig. 5 ) is indicated below the map; the asterisk denotes the labeled 5' end of the DNA fragment. The horizontal arrowhead indicates the position and orientation of the U1 RNA coding region, while the vertical arrowhead marks the position of the upstream nuclease S1 cleavage site (cf. Fig. 3 ). The restriction enzymes used were: A, Ava I; Ba, BamHI; B, Bgl II; H, HincII; H3, HindIII; P, Pvu II; S, Sac I. bp, Base pairs. Physical maps of seven human U1 RNA true genes. Arrows mark SNS1 sites and arrowheads mark upstream nuclease S1 cleavage sites. The restriction maps were constructed by comparison with the earlier published map of Lund and Dahlberg (14) and Manser and Gesteland (15, 16) . Ambiguities were resolved by partial digestion and by hybridization using U1 RNA coding or immediate 5' flanking region probes (14) . The major discrepancies between the maps of the pHSD clones presented here and those published by Manser and Gesteland (15, 16) FIG. 3. Analysis of the Bgl II fragments containing the SNS1 site. (A) Nuclease S1 cleavage sites in the 0.4-kb BgI II fragment in cloned human U1 RNA true genes. Seven different human U1 RNA true genes were cleaved with Bgl II alone (odd numbered lanes) or with nuclease S1 followed by BgI II (even numbered lanes). The regions bracketed and indicated by arrows show the population of fragments arising from nuclease S1 cleavage at the SNS1 site (cf. Fig. 6 ). The arrowhead indicates the products of nuclease S1 cleavage about 335 base pairs (bp) upstream of the U1 RNA coding region, seen in lanes 4 and 6. (B) Length heterogeneity of 0.4-kb Bgl II fragments in genomic DNA. BgI II fragments of pHU1-iH DNA (lane 1), HeLa cell DNA (lane 2), and pHSD-1 DNA (lane 3) were separated on 5% (38.9:1.1) polyacrylamide gel, transferred to nitrocellulose, and hybridized to a 32P-labeled 0.4-kb Bgl II fragment probe derived from pHU1-lH. An autoradiogram of the region containing 0.4-kb Bgl II fragments is shown. therefore were not quickly nicked by nuclease Si) behaved like pHSD-1 and pHSD-2 DNAs (data not shown).
Physical Parameters Affecting Nuclease S1 Cleavage at the SNS1 Site. To characterize the SNS1 site, we treated supercoiled or linearized pHUi-iH DNA with nuclease S1 under various conditions. Although the extent of the reaction was reduced at high NaCl concentrations, the major site of cleavage in supercoiled DNA was not significantly affected by varying the NaCl concentrations between 0 and 1 M (Fig.  4A) .
Cleavage at the SNS1 site also was observed in linearized DNA but at significantly reduced efficiency, being almost undetectable above 60 mM NaCl (Fig. 4B ). The fact that nuclease S1 cleavage occurs at all in linearized DNA means that the SNS1 site is not a structure that requires superhelical tension for formation-e.g., a cruciform (4, 5) . At a slightly lower pH (pH 4.35 vs. pH 4.53), nuclease S1 was able to cleave linearized DNA at higher ionic strength (Fig.  4C ).
Length of the (dC-dT),"(dA-dG),, Copolymer Accounts for the Presence or Absence of the SNS1 Site. We identified nucleotide sequences necessary for the strong nuclease S1 sensitivity by comparing the DNA sequences of the 0.4-kb Bgi II fragments of HUI-] DNA with pHSD-1 DNA (which lacks the SNS1 site). These two DNAs are identical in sequence except for the number of (dC-dT)-(dA-dG) repeats (Fig. 5 ). While HUJ-I DNA contains 18 consecutive pairs of this dimeric sequence (Fig. SA) , pHSD-1 DNA has only 5 (Fig.   FIG. 4 . Physical parameters affecting nuclease S1 cleavage at the SNS1 site of pHU1-1H DNA. (A) Salt sensitivity of cleavage at the SNS1 site in supercoiled DNA. Supercoiled pHU1-1H DNA (substrate) was treated with nuclease S1 for 15 min in modified buffer that contained 30 mM acetate buffer (pH 4.53; 30 mM HOAc adjusted to pH 4.53 with Tris base) at the indicated NaCl concentrations, followed by digestion with HindflI. The lane labeled "marker" shows HindIII-digested pHUi1-H DNA without prior nuclease S1 treatment. (B) Sensitivity of cleavage at the SNS1 site in linearized DNA. pHU1-iH DNA was linearized by HindIII ("substrate" lane) and then treated with nuclease S1 for 15 min under conditions given in A. The lane labeled "marker" contains supercoiled pHU1-1H DNA treated with nuclease S1 followed by digestion with Hin-dIIL. (C) Effect of lower pH on nuclease S1 cleavage at the SNS1 site in linearized substrate. HindIII-cleaved pHUi-iH DNA ("substrate" lane) was digested with nuclease S1 for 15 min under the nuclease S1 digestion condition given in A, except the pH of the acetate buffer was at 4.35. The lane labeled "marker" is the same as in B. 5B). Thus, more than 5 (dC-dT)-(dA-dG) repeat units are required to make an SNS1 site. Additional DNA sequence analyses of the other 0.4-kb Bgl II fragments (unpublished results) revealed that the number of repeats varied between 15 and 25.
We mapped the actual sites of cleavage to the (dC-dT)n*(dA-dG)" sequences. The 5' ends of nuclease Si-generated fragments were labeled with [-y-32P]ATP and polynucleotide kinase, and the fragments were then redigested with either Sac I or BamHI and size-fractionated in a denaturing polyacrylamide gel (Fig. 6 ). Cleavage in this (dA-dG),-containing strand occurred within the repeating copolymeric sequence with a bimodal distribution (Fig. 6A) . The distribution of nuclease Si-generated endpoints in the strand containing the (dC-dT), repeat was unimodally rather than bimodally distributed and was localized near the center of the (dC-dT), region (Fig. 6B ). In agreement with the results shown in Fig. 4 , the endpoints of nuclease S1 digestion products were not significantly affected by the concentration of NaCl during nuclease S1 digestion. Fig. IC shows the regions sequenced. The fragments were 5' labeled with 32P at the Sac I site using polynucleotide kinase and sequenced by the method of Maxam and Gilbert (21) . The only difference detected between pHUi-iH DNA and pHSD-1 DNAs is in the length of the (dC-dT)-(dA-dG) copolymer.
DISCUSSION
In this paper we report finding two nuclease SI-sensitive sites associated with human U1 RNA genes-one 1.8 kb downstream and the other 0.3 kb upstream of the U1 RNA coding region. In both cases, nuclease Si cleaves within stretches of DNA that have an asymmetric distribution of pyrimidines and purines (ref. 14 and this work). The extremely nuclease Sl-sensitive downstream site, the SNS1 site, contains a (dC-dT),-(dA-dG), copolymer with a minimum length between 5 and 15 repeat units. The upstream nuclease Si site, that requires supercoiled DNA for activity, has no apparent internal repeat but 28 of 30 nucleotides on one strand are pyrimidines (14) . The SNS1 site, being a (dC-dT),-(dA-dG), copolymer, is comparable to nuclease Si sites found in histone multigene families (6, 22) . However, Hentschel (6) reported bimodal distributions of cleavage in both strands of the (dC-dT)-(dA-dG) repeats in sea urchin histone genes rather than the asymmetric distribution observed by us here. The difference in cleavage distributions may result from the nuclease Si digestion conditions and/or in the nucleotide sequences flanking the copolymer. Nevertheless, the proposal that (dC-dT),,-(dA-dG), sequences are sensitive to nuclease Si due to slippage of the DNA strands past each other (6, 22) cannot account for either the distribution or the DNA strand asymmetry of the cleavages that we observe.
We propose that the SNS1 region may be in a more denatured state than would be expected from the slippage model alone. The free energy loss due to breaking of dC-dG and dT-dA bonds might be lowered by extensive base stacking of . Nuclease S1 cleavage points in the SNS1 site. pHU1-1HB DNA (14) was incubated with nuclease S1 under standard conditions with either 80 or 300 mM Na', and the linearized DNA was 5'-end-labeled. The DNA was recut with either Sac I (A) or BamHI (B) to release fragments extending from the SNS1 site leftward [(dG-dA),, strand] or rightward [(dC-dT),, strand], respectively (C). The released fragments, whose identities were confirmed by end-group analysis (not shown), were size-fractionated on DNA sequencing gels. Size markers were sequencing reaction products labeled at the Sac I site (cf. Fig. 5 ). The brackets indicate the range of mobilities of fragments that have one end within the (dC-dT),, or (dA-dG)," copol- dG and dA on the purine-rich strand. Such stacked arrays would be relatively resistant to nuclease S1 (23), but bends between the two ends of the stacked bases and the B-form DNA duplex would not be, resulting in a bimodal distribution of nuclease S1 cleavages ( Fig. 6A ). On the opposite strand, the pyrimidine-rich sequence might form a coiled loop whose stem is stabilized, under the mild acid conditions used, by formation of cytosine-cytosine (24, 25) and thymine-thymine base pairs between parallel DNA strands. The single-stranded region of the loop would be efficiently cleaved by nuclease S1, whereas the (dC)-(dC) and (dT)-(dT) base-paired regions would remain resistant to nuclease S1, resulting in the unimodal distribution of cleavages observed (Fig. 6B) . In both strands, the alternating distributions of apparent S1 cleavage sites could either reflect unequal stacking energies of dApdG vs. dGpdA and dCpdT vs. dTpdC or preferences by either nuclease S1 or polynucleotide kinase for certain nucleotides.
Cleavage at the SNS1 site can occur in both supercoiled and linearized plasmid DNAs (Fig. 4) . Supercoiled DNAs containing this site are sensitive to nuclease S1 digestion over a large range of NaCl concentrations (0-1 M). Linear DNAs are sensitive up to 60 mM NaCl at pH 4.53 and at even higher NaCl concentrations when the pH is reduced to 4.35. This increased sensitivity may be a consequence of nucleotide protonation that destabilizes base-pairing in doublestranded DNA while increasing base-stacking and pyrimi- dinepyrimidine pairing of single-stranded DNA.
In the absence of the SNS1 site, other nuclease S1 cleavage sites were detected (see Fig. 3, lanes 4 and 6) . The major secondary site, located about 335 nucleotides upstream from the U1 RNA coding region, was sensitive to nuclease S1 only when present in supercoiled DNA. Because the presence of the SNS1 site led to rapid relaxation of the supercoiled DNA, cleavage at this upstream region was reduced in clones containing the SNS1 site. The secondary site was within a sequence in which 28 of 30 nucleotides in one strand are pyrimidines (14, 26) . It is not known whether S1 cleavage at this site is due to localized denaturation or altered DNA conformation. (For reviews on the effects of asymmetric base distributions on DNA conformations, see refs. 27 and 28.) It is unclear if these sensitive sites have any physiological role in vivo. Human U1 RNA genes in chromatin are sensitive to nuclease S1 digestion (unpublished data), but the sensitive sites have not yet been mapped. Both of the nuclease Si-sensitive sites detected in purified DNA are located outside a region extending from positions -231 to +200 of the HUJ-1 gene that is both necessary and sufficient for human U1 RNA synthesis after injection into frog oocytes (29) . Thus, the nuclease Si-sensitive sites are not absolutely required for transcription of U1 RNA genes, but they could influence the level of expression in normally dividing cells. It is possible that the upstream nuclease S1 site (located between positions -359 and -329) corresponds to the polypurine-polypyrimidine stretches often found associated with eukaryotic RNA polymerase II promoters (11, 12) .
Simple patterns of repeating nucleotides are commonly found within highly repeated multigene families. We recently found that human U2 RNA genes also contain (dC-dT)""(dA-dG)n sequences that are SNS1 sites (unpublished data). Other multigene families also have (dC-dT)n-(dA-dG)n regions (6, 22, (30) (31) (32) ; in at least two cases (6, 22) , these regions have been shown to be SNS1 sites. SNS1 sites may have arisen by multiple rounds of replication and recombination within multigene families (33) , and once established, they might function in the maintenance of these families. (For a discussion of a variety of DNA-mediated mechanisms in the maintenance and evolution of multigene families, see ref. 34.) We propose that the SNS1 site located 1.8 kb downstream of the U1 RNA coding region helps to maintain the homogeneity of the large family of human U1 RNA true genes. Manser and Gesteland (16) showed that these U1 RNA genes are highly conserved in sequence for more than 2.5 kb of their 5' flanking regions, and our results (Figs. 2 and 5) demonstrate that the similarity in sequence extends for at least 2.3 kb in the 3' direction. It is unclear why such large sequences (=5.4 kb) are conserved around these small genes (=0.4 kb). One possibility is that extensive homologies of the flanking region sequences are required for the conservation of U1 RNA coding region sequences.
The physical nature of the (dC-dT)n-(dA-dG)n copolymer may promote interactions between two related regions of DNA, resulting in "homogenetization" of the flanking regions. As shown here and elsewhere (6, 22) , such copolymers tend to undergo localized denaturation, especially when under negative superhelical tension. Two DNAs with these sequences could form threeand possibly four-stranded structures (35, 36) , which could serve as nucleation sites for genetic exchanges leading to subsequent gene conversion.
